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ABSTRACT

The present study was undertaken to examine whether phos-
phodiesterases Il and IV regulate renal cAMP level and whether
inhibition of these enzymes influences renal functions in anes-
thetized dogs. The intrarenal arterial infusion of rolipram (0.1,
0.3, and 1 ng/kg/min), a selective phosphodiesterase IV inhib-
itor, increased renal blood flow, glomerular filtration rate, urine
flow rate, and urinary Na™ excretion with elevating arterial and
renal venous plasma cAMP concentrations and urinary cAMP
excretion. However, cilostamide (0.1, 0.3, and 1 pg/kg/min), a
selective phosphodiesterase Il inhibitor, did not affect the val-
ues of these parameters. Indomethacin (3 mg/kg i.v. bolus and
1 mg/kg/min i.v. infusion), a cyclooxygenase inhibitor, reduced

the basal arterial and renal venous plasma cAMP concentra-
tions and blunted the rolipram-induced elevation of cAMP con-
centrations and urinary cAMP excretion. The effects of rolipram
on renal hemodynamics and urine formation were attenuated in
the presence of indomethacin. These results suggest that in the
dog kidney in vivo, 1) phosphodiesterase IV, but not phospho-
diesterase lll, participates in degradation of cAMP and 2) the
inhibition of phosphodiesterase IV enhances glomerular filtra-
tion and urinary Na™ excretion, the responses of which depend
in part on indomethacin-susceptible (prostaglandin-mediated,
probably) control of basal cAMP level.

cAMP has been suggested to participate in the control of
renal functions. It is well known that cAMP derivatives in-
crease renal blood flow (Higashio et al., 1980), enhance glo-
merular filtration (Okahara et al., 1977), and cause diuresis
(Robinson and Mirkovitch, 1980).

Intracellular cAMP level is regulated by phosphodiesterase
(PDE). PDEs have been classified into at least seven isozyme
families (Beavo and Reifsnyder, 1990; Nicholson et al., 1991;
Beavo, 1995), among which PDE III (¢cGMP-inhibited PDE)
and PDE IV (cAMP-specific PDE) preferentially hydrolyze
cAMP rather than ¢cGMP (Thompson, 1991) and have high
affinity for cAMP. PDE III has been identified in smooth
muscles (Reinhart et al., 1995), platelets (Hidaka et al.,
1979), and cardiac tissues (Lindgren and Andersson, 1991),
and PDE IV has been identified in brain (Beavo, 1995) and
tracheal tissues (Torphy et al., 1992). The kidney is sug-
gested to contain both PDE III and IV (Lindgren and Anders-
son, 1991).

Inhibitors of these cAMP-specific PDEs are useful pharma-
cological tools to evaluate the physiological role of cAMP. The
i.v. infusion of lixazone, a PDE III inhibitor, or rolipram, a
PDE IV inhibitor, suppresses development of mesangial pro-
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liferative glomerulonephritis (Tsuboi et al., 1996), and Ro
20-1724, a PDE 1V inhibitor, attenuates the endotoxin-in-
duced acute renal failure (Begany et al., 1996) in rats. These
observations suggest that elevation of renal cAMP level by
inhibition of its degradation can improve renal functions.

However, there has been little information on the contri-
bution of PDE III and IV to regulation of renal cAMP level
and the influence by the inhibition of these PDEs on renal
functions in nonpathophysiological conditions. To access this
issue, in the present study we examined the effects of cilos-
tamide (selective PDE III inhibitor) (Hidaka et al., 1979) and
rolipram (selective PDE IV inhibitor) (Disanto and Heaslip,
1995) on renal cAMP release and renal functions in anesthe-
tized dogs.

Materials and Methods

Animal Preparation. All animal protocols were reviewed and
approved by the Animal Subjects Committee of Pharmaceutical In-
stitute, Tohoku University. Mongrel dogs of either sex weighing 8 to
18 kg were anesthetized with sodium pentobarbital (30 mg/kg i.v.)
and then intubated and artificially ventilated with room air. The
cephalic veins were cannulated for drug administration. Decametho-
nium bromide (0.25 mg/kg i.v.) was administered to prevent sponta-
neous active respiratory movement. Anesthesia was maintained by a
continuous i.v. infusion of sodium pentobarbital at a rate of 5 mg/
kg/h throughout the experiments. Inulin, dissolved in 0.45% NaCl
and 2.5% dextrose, was given i.v. at a prime dose of 50 mg/kg and at

ABBREVIATIONS: PDE, phosphodiesterase; DMSO, dimethyl sulfoxide.
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a maintenance dose of 1 mg/kg/min (0.1 ml/kg/min). The right bra-
chial artery was cannulated for collection of arterial blood samples
and measurement of mean arterial pressure with a pressure trans-
ducer (MPU-0.5; Nihon Kohden, Tokyo, Japan) and of heart rate
with a cardiotachometer (RT-5; Nihon Kohden). The right and left
kidneys were exposed by retroperitoneal flank incisions. Catheters
for urine collection were inserted into both the right and left ureters.
Curved 18-gauge needles connected to silicone tubes were inserted
into the right and left renal veins to collect renal venous blood
samples. All visible renal nerves were dissected away from the renal
vessels and cut after ligation. Electromagnetic flow probes (2.5-3.5
mm in diameter; Nihon Kohden) were attached at the right and left
renal arteries to measure renal blood flow with square-wave flow-
meters (MF-27; Nihon Kohden). Curved 25-gauge needles connected
to polyethylene tubes were inserted into both the right and left renal
arteries for drug infusion. Mean arterial pressure, heart rate, and
renal blood flow were recorded with a polygraph system (RM-6000,
Nihon Kohden).

Experimental Protocol. After the completion of surgery, more
than 90 min was allowed for stabilization. When renal blood flow and
urine flow rate reached constant levels for more than three consec-
utive monitoring periods (10 min each), urine and blood samples for
basal values were obtained. Urine was collected over a 10-min pe-
riod, and arterial and renal venous blood samples were withdrawn
simultaneously at the midpoint of urine collection.

In group 1 (n = 5), 0.5% dimethyl sulfoxide (DMSO) (vehicle for
rolipram and cilostamide) was infused into the right or left renal
artery (0.2 ml/min) for 60 min. Beginning at 10, 30, and 50 min after
the start of infusion, the urine and blood sampling was performed. In
groups 2 and 3, cilostamide (group 2, n = 7) or rolipram (group 3, n =
7) was infused into the renal artery at increasing rates of 0.1, 0.3,
and 1 pg/kg/min for 20 min each. Beginning at 10 min after the start
of infusion at each dose, the 10-min urine collection and blood sam-
pling were performed. In group 4 (n = 8), the rolipram infusion and
the urine and blood samplings were performed in a similar manner
as in group 2 in the presence of indomethacin. Indomethacin was
bolus injected (3 mg/kg i.v.) 30 min before the start of experiments and
then continuously infused (1 mg/kg/h i.v.) throughout the experiments.

Measurement. Blood samples were transferred into chilled tubes
containing diammonium EDTA (5-10 mg/ml blood) and then centri-
fuged to obtain plasma samples. Glomerular filtration rate was de-
termined as inulin clearance (Davidson and Sackner, 1963). Inulin
concentration in plasma and urine was measured by the anthrone
method. Na™ and K" were measured by flame photometry (775A;
Hitachi). Plasma osmolarity and urine osmolarity were measured by
the freezing point depression method (OM801; Vogel). Plasma and
urinary cAMP concentrations were measured by radioimmunoassay
kit (Diagnostics Division, Yamasa Corp., Tokyo, Japan).

Vol. 289

Drugs. Cilostamide (Otsuka Pharmaceutical Company, Osaka,
Japan) and rolipram (Meiji Seika Kaisha, Ltd., Tokyo, Japan) were
dissolved in a small amount of DMSO and diluted with 0.9% saline
(the final concentration of DMSO was less than 0.5%). Indomethacin
(Sigma Chemical Co., St. Louis, MO) was dissolved in 1 mM Na,COj,
and diluted with 0.9% saline. This solution was neutralized (pH
7.5-8.5) with HCL

Data Analysis. All values are expressed as mean * S.E. The
kidneys were removed out at the end of experiments and weighed
after decapsulation. Renal blood flow and urine flow rate and param-
eters derived from them are expressed as per kidney weight (g). Data
for urine formation were transformed to logarithms to obtain normal
distribution before the application of statistical procedures. Overall,
statistical differences were evaluated by ANOVA. Statistical differ-
ences of basal values versus drug infusion were evaluated by Dun-
nett’s test, and those of rolipram versus rolipram plus indomethacin
were evaluated by simple main effects. Differences at p < .05 were
considered to be statistically significant.

Results

Vehicle for rolipram and cilostamide (0.5% DMSO) infused
into the renal artery at 0.2 ml/min for 60 min did not cause a
statistically significant change in systemic or renal hemody-
namics or urine formation (group 1, Table 1).

Intrarenal arterial infusion of cilostamide (0.1, 0.3, and 1
ug/kg/min) did not affect renal hemodynamics or urine for-
mation (group 2, Table 2 and Fig. 1), except that cilostamide
at 1 ug/kg/min lowered mean arterial pressure and renal
vascular resistance (Table 2). The change in renal vascular
resistance was also observed in the contralateral noninfused
kidney (data not shown).

Intrarenal arterial infusion of rolipram (0.1, 0.3, and 1
ug/kg/min) increased renal blood flow and decreased renal
vascular resistance in a dose-dependent manner (group 3,
Fig. 2 and Table 3). Rolipram at the highest dose (1 ug/kg/
min) lowered mean arterial pressure and increased heart
rate (Table 3). Rolipram at 0.1 and 0.3 ug/kg/min increased
glomerular filtration rate, urine flow rate, urinary Na* ex-
cretion, osmolar clearance, and free water reabsorption, but
rolipram at 1 pg/kg/min reduced glomerular filtration rate,
urine flow rate, urinary Na™ excretion, and osmolar clear-
ance from their increased levels (Table 3 and Fig. 2). There
was no change in urine osmolarity (Table 3). Filtration frac-
tion and fractional Na™ excretion tended to be increased by

TABLE 1
Effects of vehicle (0.5% DMSO) on systemic and renal hemodynamics and urine formation (group 1)
0.5% DMSO
Basal
10-20 min 30-40 min 50-60 min

MAP (mm Hg) 105 =6 103 £ 7 103 =7 102 = 7
HR (beats/min) 120 = 10 119 = 10 118 = 10 117 = 10
RBF (ml/min/g) 46 £0.2 44 +02 43 *+0.2 44 +0.3
RVR (mm Hg/ml/min/g) 23 + 1 23 + 2 24 + 2 24 + 3
GFR (ml/min/g) 0.7=0.1 0.7+ 0.0 0.6 =0.1 0.6 0.1
FF (%) 29 + 4 31+4 28+ 5 28 £8
UV (ul/min/g) 43 +11 44 *+13 49=*+15 43*+15
UNaV (uEg/min/g) 0.8 = 0.2 0.8 +0.2 0.7 £ 0.2 0.7 = 0.2
FENa (%) 09 =*0.2 0.7+ 0.2 0.8 *+0.3 0.7*0.2
Uosm (Osm/kg H,0) 1.4 +£0.2 1.3 0.2 1.3 +0.3 1.3 0.3
Cosm (ul/min/g) 18+3 18+3 17+ 3 14 +4
TCH,0 (ul/min/g) 14+2 13+2 12+1 9+2

Values are mean + S.E. (n = 5). MAP, mean arterial pressure; HR, heart rate; RBF, renal blood flow; RVR, renal vascular resistance; GFR, glomerular filtration rate;
FF, filtration fraction; UV, urine flow rate; UNaV, urinary Na® excretion; FENa, fractional Na* excretion; Uosm, urine osmolarity; Cosm, osmolar clearance; T°H,0, free
water reabsorption. 0.5% DMSO was infused into renal artery at a rate of 0.2 ml/min. There were no statistically significant differences between values before DMSO infusion

(basal) and values during DMSO infusion.
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Effects of cilostamide on systemic and renal hemodynamics and urine formation (group 2)

Cilostamide (ug/kg/min)

Basal
0.1 0.3 1

MAP (mm Hg) 110 = 7 109 = 8 106 =9 100 + 9%
HR (beats/min) 110 £ 8 109 + 8 111+ 7 115 + 7
RVR (mm Hg/ml/min/g) 34 +4 33+4 32+4 29 + 4%
FF (%) 27+ 3 27 + 4 28 + 4 27 + 4
FENa (%) 1.6 £0.6 1.3+0.3 1.3 +0.3 14 +0.3
Uosm (Osm/kg H,0) 0.9 +0.2 0.8 +0.2 09 =*0.1 0.9 =*0.2
Cosm (pul/min/g) 15+ 2 14 +2 16 + 3 15+ 3
T°H,0 (ul/min/g) 10 2 8+2 10 + 2 9+2

Values are mean + S.E. (n = 7). MAP, mean arterial pressure; HR, heart rate; RVR, renal vascular resistance; FF, filtration fraction; FENa, fractional Na* excretion;
Uosm, urine osmolarity; Cosm, osmolar clearance; T°H,0, free water reabsorption. Cilostamide was infused into renal artery at increasing doses (0.1, 0.3, and 1 pg/kg/min).

*P < .05, ¥ P < .01 compared with corresponding basal value.
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Fig. 1. Effects of cilostamide on renal hemodynamics and urine formation
(group 2). RBF, renal blood flow; GFR, glomerular filtration rate; UV,
urine flow rate; UNaV, urinary Na™ excretion. Values are mean *+ S.E.
(n = 7). Cilostamide was infused into the renal artery at the increasing
doses (0.1, 0.3, and 1 pg/kg/min). There were no statistically significant
differences between the basal values and the values during cilostamide
infusion.

rolipram at 0.1 and 0.3 pg/kg/min (Table 3), although these
changes were not statistically significant. The values of renal
parameters in the contralateral noninfused kidney did not
change throughout this experiment (data not shown).

Cilostamide did not affect arterial plasma cAMP concen-
tration, renal venous plasma cAMP concentration, or urinary
cAMP excretion (group 2, Fig. 3). In additional experiments,
a higher dose of cilostamide (3 ug/kg/min) caused systemic
hypotension but did not affect plasma cAMP concentration or
urinary cAMP excretion (data not shown). This dose of cilos-
tamide reduced urine flow rate and urinary Na* excretion
(data not shown).

Rolipram increased arterial plasma cAMP concentration,
renal venous plasma cAMP concentration, and urinary cAMP
excretion in a dose-dependent manner (group 3, Fig. 3). The
increases in renal venous plasma cAMP concentration from
the level before rolipram infusion (51 * 13%, 112 * 30%, and
218 *= 56% during rolipram infusion at 0.1, 0.3, and 1.0
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Rolipram 0.1 pg/kg/min
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HO0O0O

Rolipram 1 pg/kg/min

Fig. 2. Effects of rolipram on renal hemodynamics and urine formation
(group 3). RBF, renal blood flow; GFR, glomerular filtration rate; UV,
urine flow rate; UNaV, urinary Na™ excretion. Values are mean *= S.E.
(n = 7). Rolipram was infused into the renal artery at increasing doses
(0.1, 0.3, and 1 pg/kg/min). *P < .05, **P < .01 compared with the
corresponding basal value.

ug/kg/min, respectively) were significantly higher (P < .05)
than the increases in arterial plasma cAMP concentration
(14 = 3%, 32 = 6%, and 84 = T%).

Intravenous administration of indomethacin (group 4) re-
duced arterial plasma cAMP concentration from 8.8 = 0.9 to
6.8 £ 0.6 pmol/ml (P < .01), renal venous plasma cAMP
concentration from 6.9 = 0.4 to 5.4 = 0.4 pmol/ml (P < .01),
and renal blood flow from 3.3 = 0.4 to 3.1 = 0.3 ml/min/g (P <
.05). Other values after indomethacin treatment were glo-
merular filtration rate of 0.50 *+ 0.08 ml/min/g, urine flow
rate of 4.19 *+ 1.17 ul/min/g, urinary Na* excretion of 0.96 +
0.22 pwEg/min/g, and urinary cAMP excretion of 8.5 = 5.7
pmol/min/g; these were not statistically different from the
values before indomethacin treatment. Urinary cAMP excre-
tion increased after indomethacin treatment in one animal,
whereas it decreased in other animals. As a result, no statis-
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TABLE 3
Effects of rolipram on systemic and renal hemodynamics and urine formation (group 3)
Rolipram (pg/kg/min)
Basal
0.1 0.3 1
MAP (mm Hg) 109 = 6 107 =7 106 = 7 103 = 9%
HR (beats/min) 122 = 16 126 = 17 137 = 18** 144 + 19%**
RVR (mm Hg/ml/min/g) 32=*5 27 *+ 4% 25 + g 23 + 3
FF (%) 21 £3 24 + 5 29 =7 21+4
FENa (%) 22*05 2.8 0.7 2.7*0.6 23*0.3
Uosm (Osm/kg H,0) 1.1+0.2 0.9 £0.1 0.9 *0.1 1.0 = 0.1
Cosm (ul/min/g) 16 1 20 + 2% 23 + 2% 20 + 3*
T°H,O (ul/min/g) 11+1 132 15 = 2% 152

Values are mean + S.E. (n = 7). MAP, mean arterial pressure; HR, heart rate; RVR, renal vascular resistance; FF, filtration fraction; FENa, fractional Na* excretion;
Uosm, urine osmolarity; Cosm, osmolar clearance; T°H,O, free water reabsorption. Rolipram was infused into renal artery at increasing doses (0.1, 0.3, and 1 pg/kg/min).

*P < .05, ¥ P < .01 compared with corresponding basal value.
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Fig. 3. Effects of cilostamide (group 2, n = 7) and rolipram (group 3, n =
7) on cAMP release. B, basal; PcAMPa, arterial plasma cAMP concentra-
tion; PcAMPv, renal venous plasma cAMP concentration; UcAMPV, uri-
nary cAMP excretion. Values are mean * S.E. Cilostamide or rolipram
was infused into the renal artery at the increasing doses. *P < .05, ¥*P <
.01 compared with the corresponding basal value.

tically significant effect of indomethacin on this parameter
was observed.

Figure 4 compares the rolipram-induced renal responses
(percent changes from the levels before rolipram infusion)
between nontreated dogs (group 2) and indomethacin-treated
dogs (group 4). Indomethacin attenuated the increasing ef-
fects of rolipram on renal blood flow, glomerular filtration
rate, urine flow rate, urinary Na™* excretion, arterial and
renal venous plasma cAMP concentrations, and urinary
cAMP excretion. The values of renal parameters in the con-
tralateral kidney remained unchanged throughout this ex-
periment (data not shown).

Discussion

The aim of the present study was to clarify the roles of
cAMP-specific PDEs (types III and IV) in regulation of renal
cAMP level and the influence of their inhibition on renal
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Fig. 4. Effects of rolipram on renal hemodynamics, urine formations, and
cAMP release in the absence (group 3, n = 7) or presence (group 4, n = 8)
of indomethacin (3 mg/kg and 1 mg/kg/h i.v.). Abbreviations are as in
Figs. 1 and 2. Values (mean * S.E.) represent percent changes from the
basal levels. TP < .05, TP < .01 compared with the values at correspond-
ing sampling points in the nontreated animals (group 3).

functions in vivo. Cilostamide and rolipram, a selective PDE
IIT inhibitor (Hidaka et al., 1979) and a selective PDE IV
inhibitor (Disanto and Heaslip, 1995), respectively, were in-
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fused into the renal artery of anesthetized dogs. These drugs
are shown to have higher selectivity for each PDE than other
inhibitors (Beavo and Reifsnyder, 1990; Thompson, 1991)
and exert their actions on the renal tissues (Yamaki et al.,
1992; Chini et al., 1994). We also confirmed that a vehicle for
these inhibitors (0.5% DMSO) did not affect renal functions
(group 1).

Cilostamide at increasing doses of 0.1, 0.3, and 1 pg/kg/min
did not affect arterial or renal venous plasma cAMP concen-
tration or urinary cAMP excretion (group 2). The values of
parameters for glomerular function or urine formation did
not change during the cilostamide infusion, whereas cilosta-
mide at 1 pg/kg/min lowered systemic blood pressure and
renal vascular resistance. The reduction in renal vascular
resistance may be due to autoregulation of renal blood flow
against the hypotension and may not be related to a renal
action of cilostamide because this response was also observed
in the contralateral noninfused kidney. The calculated con-
centrations of cilostamide in renal blood were 0.3 to 3 uM, the
range of which was 6 to 60 times higher than its IC;, values
(0.05 uM) obtained with human platelets (Hidaka and Endo,
1984). Therefore, the doses of cilostamide used in the present
study seem to be sufficient to inhibit PDE III. Moreover, in
additional experiments, the infusion of cilostamide even at 3
pg/kg/min failed to affect the renal cAMP release. It was
reported that PDE III inhibitor did not cause vasodilation or
cAMP release in the isolated perfused rat kidney (Jackson et
al., 1997), and the activity of PDE III was much lower than
that of PDE IV in the rat collecting duct cell (Yamaki et al.,
1992). In agreement with these reports, the results of the
present study suggest that PDE III plays little or no role in
regulation of cAMP level in the dog kidney and that the
inhibition of PDE III does not affect renal functions.

It should be noted, however, that PDE III inhibitors can
suppress the development of mesangial proliferative glomer-
ulonephritis in rats (Tsuboi et al., 1996) and that cilostamide
attenuates the formation of reactive oxygen metabolite in rat
glomeruli (Chini et al., 1994). The present study leaves open
the possibility that PDE III participates in regulation of
renal cAMP level in some pathophysiological conditions.

Rolipram at increasing doses of 0.1, 0.3, and 1 pg/kg/min
(group 3) elevated arterial and renal venous plasma cAMP
concentrations. The elevation of cAMP concentration in renal
venous plasma was significantly higher than that in arterial
plasma, and rolipram also increased urinary cAMP excretion.
Rolipram may thus accumulate cAMP by inhibiting its deg-
radation in the kidney, although we have no direct evidence
that these parameters correctly reflect the change in cellular
cAMP content. The kidney is known to have high PDE IV
activity (Kariya and Dage, 1988; Masuoka et al., 1990). Our
present study suggests that the cAMP level is predominantly
regulated by PDE IV in the dog kidney in vivo.

The rolipram infusion increased renal blood flow and glo-
merular filtration rate. Filtration fraction remained un-
changed or slightly increased during the rolipram infusion. It
is therefore possible that rolipram, like as the adenylate
cyclase activator forskolin (Tamaki et al., 1991), preferen-
tially dilates the preglomerular rather than the postglomeru-
lar vessels. Although the inhibition of PDE IV might affect
the filtration coefficient, the present result suggests that
PDE IV degrades cAMP more preferentially at the preglo-
merular site in the renal vasculature. Rolipram also in-
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creased urine flow rate and urinary Na™ excretion, which
may result from the enhanced glomerular filtration. It has
been reported that cAMP inhibits Na®,K"-ATPase in the rat
ascending limb of Henle’s loop (Nishi et al., 1993), Na*-H*
antiport in the rabbit tubular brush-border membrane
(Weinman et al., 1987), and sodium reabsorption in the dog
kidney (Robinson and Mirkovitch, 1980). Because rolipram
tended to elevate fractional Na™ excretion in the present
study, the rolipram-induced urinary responses may also in-
volve the inhibition of PDE IV at the renal tubular site.
Another PDE IV inhibitor (Ro 20-1724) is known to improve
renal functions by counteracting the vasoconstriction and
hypofiltration in the endotoxin-induced acute renal failure
model (Begany et al., 1996). Our present study is the first to
demonstrate the ability of the PDE IV inhibitor rolipram to
enhance glomerular filtration and urine formation with in-
creasing renal cAMP release under the more physiological
condition.

The highest dose of rolipram (1 pg/kg/min) did not further
increase glomerular filtration rate, urine flow rate, or uri-
nary Na™ excretion despite the dose-related increase in renal
blood flow and elevation of renal venous plasma cAMP con-
centration. This dose of rolipram significantly lowered mean
arterial pressure. It is likely that a reduction in renal perfu-
sion pressure secondary to the systemic hypotension reduced
glomerular filtration pressure and thereby inhibited the
cAMP-mediated facilitation of glomerular filtration. This
may counteract and mask the natriuretic property of rolip-
ram at the hypotensive dose.

To elucidate the relationship between the renal actions of
rolipram and the inhibition of renal cAMP degradation, we
also examined whether a reduction in endogenous cAMP
production affects the rolipram-induced changes in renal
cAMP release and renal functions. Prostaglandins are well
known to activate cAMP production (Oliw et al., 1977; No-
land et al., 1992) and to participate in the control of renal
vascular tone, mesangial and glomerular functions, and the
handling of salt and water (Ando and Asano, 1995). It is
therefore likely that the renal actions of rolipram involve the
enhancement of prostaglandin-cAMP pathway. In this re-
gard, we evaluated the rolipram-induced responses in the
presence of indomethacin, a cyclooxygenase inhibitor (group
4). We had previously confirmed that indomethacin can ef-
fectively suppress prostaglandin production in the dog kid-
ney (Hisa et al., 1984). The i.v. administration of indometh-
acin (3 mg/kg plus 1 mg/kg/h) lowered arterial and renal
venous plasma cAMP concentrations in the basal state, sug-
gesting that renal cAMP production is mediated in part by
the prostaglandin system. In the indomethacin-treated
group, the increases in renal venous cAMP concentration and
urinary cAMP excretion during rolipram infusion at any
doses were significantly smaller than the responses obtained
in the nontreated group (group 3). The blunted cAMP release
responses indicate the reduced degradation of cAMP by PDE
IV under the lower basal cAMP level. Indomethacin also
attenuated the rolipram-induced increases in renal blood
flow, glomerular filtration rate, urine flow rate, and urinary
Na™ excretion. These results demonstrate that the renal
actions of rolipram are closely related to changes in basal
renal cAMP level and suggest that they are due to the inhi-
bition of cAMP degradation.

However, other interpretation of the present results are
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also possible because we did not confirm the specificity of
either rolipram or indomethacin in the kidney. For example,
rolipram might stimulate renal prostaglandin production
and thereby elevate cAMP level to cause the renal actions, or
indomethacin might facilitate cAMP degradation by acting
on PDEs. We cannot rule out these possibilities.

In summary, the present study demonstrates that rolip-
ram, but not cilostamide, can enhance glomerular filtration
and urinary Na™ and water excretion with increasing renal
cAMP release and that indomethacin reduces basal renal
cAMP release and attenuates the rolipram-induced cAMP
release and renal responses in anesthetized dogs. PDE IV
may be one of the major determinants of renal cAMP content
and thereby play an important role in the regulation of renal
functions. The renal responses induced by inhibition of PDE
IV may depend in part on indomethacin-susceptible control
mechanisms of basal cAMP level such as the prostaglandin-
mediated cAMP production.

Acknowledgments

Cilostamide was generously provided by Otsuka Pharmaceutical
Company, Tokushima, Japan and Rolipram was generously provided
by Meiji Seika Kaisha, Tokyo, Japan.

References

Ando Y and Asano Y (1995) Luminal prostaglandin E2 modulates sodium and water
transport in rabbit cortical collecting ducts. Am J Physiol 268:F1093-F1101.

Beavo JA (1995) Cyclic nucleotide phosphodiesterases: Functional implications of
multiple isoforms. Physiol Rev 75:725-748.

Beavo JA and Reifsnyder DH (1990) Primary sequence of cyclic nucleotide phospho-
diesterase isozymes and the design of selective inhibitors. Trends Pharmacol
11:150-155.

Begany DP, Carcillo JA, Herzer WA, Mi Z and Jackson ED (1996) Inhibition of type
IV phosphodiesterase by Ro 20-1724 attenuates endotoxin-induced acute renal
failure. J Pharmacol Exp Ther 278:37-41.

Chini CCS, Chini EN, Williams JM, Matouovic K and Dousa TP (1994) Formation of
reactive oxygen metabolites in glomeruli is suppressed by inhibition of cAMP
phosphodiesterase isozyme type IV. Kidney Int 46:28-36.

Davidson WD and Sackner MA (1963) Simplification of the anthrone method for the
determination of inulin in clearance studies.  Lab Clin Med 62:351-356.

Disanto ME and Heaslip RJ (1995) Rolipram inhibition of phosphodiesterase-4
activation. Eur J Pharmacol 290:169-172.

Hidaka H and Endo T (1984) Selective inhibitors of three forms of cyclic nucleotide
phosphodiesterase: Basic and potential clinical applications. Adv Cyclic Nucleotide
Res 16:245-259.

Hidaka H, Hayashi H, Kohri H, Kimura Y, Hosokawa T, Igawa T and Saitoh Y (1979)
Selective inhibitor of platelet cyclic adenosine monophosphate phosphodiesterase,
cilostamide, inhibits platelet aggregation. J Pharmacol Exp Ther 211:26-30.

Vol. 289

Higashio T, Abe Y, Miyazaki M and Yamamoto K (1980) Renal effects of 8-substi-
tuted derivatives of adenosine 3’,5'-cyclic monophosphate in dogs. Experientia
36:234-236.

Hisa H, Takahashi K and Satoh S (1984) Evidence for prostaglandin-independent
mechanisms in renin release mediated by alpha adrenoceptors during renal nerve
stimulation in anesthetized dogs. J Pharmacol Exp Ther 229:547-550.

Jackson EK, Mi Z, Carcillo JA, Gillespie DG and Dubey RK (1997) Phosphodiester-
ase in the rat renal vasculature. J Cardiovasc Pharmacol 30:798—801.

Kariya T and Dage RC (1988) Tissue distribution and selective inhibition of subtypes
of high affinity cAMP phosphodiesterase. Biochem Pharmacol 37:3267-3270.

Lindgren S and Andersson KE (1991) Effects of selective phosphodiesterase inhibi-
tors on isolated coronary, lung and renal arteries from man and rat. Acta Physiol
Scand 142:77-82.

Masuoka H, Ito M, Nakano T, Naka M and Tanaka T (1990) Effects of amrinone and
enoximone on the subclasses of cyclic AMP phosphodiesterase from human heart.
J Cardiovasc Pharmacol 15:302-307.

Nicholson CD, Challiss RAJ and Shahid M (1991) Differential modulation of tissue
function and therapeutic potential of selective inhibitors of cyclic nucleotide phos-
phodiesterase isoenzymes. Trends Pharmacol Sci 12:19-27.

Nishi A, Eklof A, Bertorello AT and Aperia A (1993) Dopamine regulation of renal
Na*,K"-ATPase activity is lacking in Dahl salt-sensitive rats. Hypertension 21:
767-771.

Noland TD, Caeter CE, Jacobson HR and Breyer MD (1992) PGE2 regulates cAMP
production in cultured rabbit CCD cells: Evidence for dual inhibitory mechanisms.
Am J Physiol 263:C1208—-C1215.

Okahara T, Abe Y and Yamamoto K (1977) Effects of dibutyryl cyclic AMP and
propranolol on renin secretion in dogs. Proc Soc Exp Biol Med 156:213-218.

Oliw E, Anggard E and Fredholm BB (1977) Effect of indomethacin on the renal
actions of theophylline. Eur J Pharmacol 43:9-16.

Reinhart RR, Chin E, Zhou J, Taira M, Murata T, Manganiello VC and Bondy CA
(1995) Distinctive anatomical patterns of gene expression for ¢cGMP-inhibited
cyclic nucleotide phosphodiesterase. JJ Clin Invest 95:1528-1538.

Robinson JWL and Mirkovitch V (1980) The effect of cAMP on dog renal function.
Experientia 36:1304-1306.

Tamaki T, Hasui K, Shoji T, Aki Y, Kiyomoto H, Iwao H and Abe Y (1991) Forskolin
preferentially dilates the afferent arteriole in the canine kidney. Jpn J Pharmacol
55:161-164.

Thompson WJ (1991) Cyclic nucleotide phosphodiesterases: Pharmacology, biochem-
istry and function. Pharmacol Ther 51:13-33.

Torphy TdJ, Livi GP, Balcarek JM, White JR, Chilton FH and Undem BJ (1992)
Therapeutic potential of isozyme-selective phosphodiesterase inhibitor in the
treatment of asthma. Adv Second Messenger Phosphoprotein Res 25:289-305.

Tsuboi Y, Shankland SJ, Grande JP, Walker HJ, Johnson RJ and Dousa TP (1996)
Suppression of mesangial proliferative glomerulonephritis development in rats by
inhibitors of cAMP phosphodiesterase isozymes types III and IV. J Clin Invest
98:262-270.

Weinman EJ, Shenolikar S and Kahn AM (1987) cAMP-associated inhibition of
Na*-H" exchanger in rabbit kidney brush-border membranes. Am J Physiol
252:F19-F25.

Yamaki M, Mcintyre S, Rassier ME, Schwartz JH and Dousa TP (1992) Cyclic
3',5'-nucleotide diesterases in dynamics of cAMP and ¢cGMP in rat collecting duct
cells. Am JJ Physiol 262:F957-F964.

Send reprint requests to: Hiroaki Hisa, Ph.D., Department of Pharmacol-
ogy, Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980-
8578, Japan. E-mail: hhisa@mail.pharm.tohoku.ac.jp




